The height variations of the scale of turbulence and the higher-order moments for the vertical wind velocity have been investigated by tower measurements at three heights (2, 11.25 and 21m) under neutral air. From the present analysis, it is obtained that the scale of turbulence slightly deviates from its linear relation with height.
Introduction
The scale of turbulence, which is an important measure to know the structure of wind, has been treated with an assumption that it is equal to the mixing length (Panofsky and McCormick, 1960) . However, according to the observational studies (Chiba, 1976; Hanafusa and Fujitani, 1981; Kai, 1981) , it has been found that the scale of turbulence is not proportional to height in the neutral conditions. Therefore, there may be yet room for reexamining on this assumption.
Additionally, there has been only a little amount of information about the characteristics of the higher order moments.
From observational fact, however, it is known that the higher order moments, such as the skewness and the kurtosis, have the systematic departure from the values (0 and 3) expected from the Gaussian distribution in the neutral conditions (Sreenivasan et al., 1978; Chiba 1978; and many others) .
Such the observed behavior of turbulence shows clearly the limitations and inadequacies of the mixing length theory.
On the other hand, it is well known that many statistical characteristics of the wind fluctuations in the surface layer have been pastureland mixed with paddy field in the farm of the Faculty of Agriculture of Kochi University, which is located easterly in the Kochi Plain about 20km east of Kochi, Japan. Kochi airport exists south-westerly near the site and the coast line of Tosa Bay is linked about 2km south of this position (see, Fig. 1 ).
The measurements were made at the about 21m open lattice-type observational tower, which exists near the east of the farm and has a 28.1m2 (horizontal cross section) at the bottom and a 4.4m2 at the middle (z=11.25m). On the west side of the tower, there are orchards and cabins. Beyond them, the paddy fields are open and fiat. The fetch was more than about 1km over paddy fields.
During the March 1982, both the paddy and short grass fields are cultivated and the surface is almost dry. The mean roughness height of the site, z0=2cm, was estimated from observations of mean wind profiles in the neutral conditions.
In order to measure vertical profiles of the mean wind velocity and mean air temperature, four sensitive cup anemometers (Makino Instrument Company) and three thermo-couple thermometers with radiation-shielded fan are installed at the tower.
The former were mounted at the levels of 2, 5.5, 11.25 and 21m, and the latter at the levels of 2.85, 11.25 and 21m above the ground, respectively. The mean wind direction was measured by a wind vane at the height of 2m.
Two sonic anemometer-thermometers (Sonic I and II) were used to measure the fluctuation of the vertical wind component at the three levels (2, 11.25 and 21m) and the temperature fluctuation at one level (11.25m).
Sonic I (Kaijo Denki, Model DAT-200) was constructed using two one-component probes and Sonic II (Kaijo Denki, Model RA-211S) had probe of which the sound path makes a right angle with each other. The vertical wind velocities at 11.25 and 21m levels were measured by Sonic I and at 2m level by Sonic II, using the sub-tower (a 2m high fixed ladder) positioned about 5m westerly from the main tower. The instruments were attached the arm (*2.5m) at the 11.25m and the arm (*1.5 m) at the 21m facing to west, that is, Analog out-puts signal of air temperature obtained by the thermo-couple thermometer with an accuracy of *0.15 deg were sampled at a rate of one per minute and mean temperature was calculated for 10 minutes.
The peak value of w spectrum Pw(n), the vertical velocity variance w2 and the turbulent heat flux w* at level 11.25m located between 2m and 21m were required for the estimating of momentum flux (or friction velocity) u*, which were calculated in two different ways in unstable and stable conditions, respectively.
That is, (a) unstable side : according to Maitani (1975) , the value of u,* is evaluated by where c1=1.44, c2=2.56 and the other quantities have usual meaning.
(b) stable side : according to Moravek et al. (1975) , the ratio of the peak value Q of nPw(n) to u*2 is prevailing wind direction during the period of observation (see, Photo. 1).
Analysis
The analog signals filtered with a 10Hz low-pass filter from the sonic anemometerthermometer were directly digitized at sampling rate of 20 per second by the microcomputer (PS-80, TEAC/TANDY Co., L.T.D. ) and the sampling duration of a single run was 20 minutes.
One had fourty-one runs in all in the present study.
An absolute zero-wind calibration was made before observation and the zero and full scale out puts of the circuit were checked just before and after each run. Available runs were severely selected out of all the run on the basis of the stationarity criterion that the R.M.S. of vertical wind velocity, *w, the skewness Sw and the kurtosis Kw increase monotonically and converge as the sampling duration is increased from 30 s toward 20 min.
Mean wind speed were obtained by the cup anemometers by counting photo-electric pulses.
where * denotes the nondimensional wind shear, and L the Monin-Obukhov stability length. Thus u* can be calculated from peak spectral density Q.
By using these u, obtained from (1) and (2), we can estimate the stability parameter z/L, which have previously well-known relation with the */|T*| obtained by this analysis. Here, * is the R.M.S., and T*=-w*/u* the scale of the temperature fluctuation, respectively.
Analyses have been done for the spectrum by using the fast Fourier transform programs. Each spectral curve is composed of two overlapping spectra with the higher frequency ranges 0.078Hz*n*10Hz and the lower frequency ranges 0.0049Hz*n*0.625Hz. The high-frequency spectrum is composed of 45 intervals of length 256*(1/20)= 12.8 s and the low-frequency spectrum of 16 intervals of length 128*0.8=102.4 s. A considerable number of data were obtained for near neutral conditions (|z/L|*0.05) and in the ranges of the mean wind speed U from 2 to 10m/s at three levels. In all, 62 runs of 10 min duration ; 38 at 2m, 14 at 11.25m and 10 at 21m height, were analyzed.
Comparison experiment
To check the accuracy of two sonic anemometers, a comparison experiment was carried out in the July 1982 on the playground of Kochi University.
Two sonic anemometers (Sonic I and II) were put side by side on a 2m height above the ground to measure under the same conditions.
Results of comparison measurement give that the relative error between the values of w2 by Sonic I and those by Sonic II is 16.3* on average.
Similarily, each relative error for the skewness Sw and the kurtosis Kw is -10 .9 and 3.3*, respectively.
The relative error 16.3% for the variance *2 in this case compares with that of 15% in the comparison measurement by Businger et al. (1969) .
3. The w spectra under neutral air
Spectral formula of the w component
The data of the vertical wind velocity obtained in this observation provide some interesting features of their vertical distributions. The traces of the vertical wind component at three heights (2, 11.25 and 21m) for 20 minutes period covering Run-7 (March 23-th, 1982) are presented in Fig. 2 . These are the neutral case (|L| =891m) at the early morning (0700-0720) and indicated the presence of small-scale fluctuations with short period generated by shear near the surface, and while that of relatively slowly-varying fluctuations in the higher levels.
It thus appears that the vertical turbulent intensity is different corresponding to the different height.
In Fig. 3 , the normalized logarithmic power spectra with smoothing weights of 0.23, 0.54 and 0.23 within stability category |z/L|*0.05 are shown against the reduced frequency * (=nz/U) where n is the frequency. The smoothed spectral curves at three levels are overlapped in the same figure. The straight line has a slope of -2/3 corresponding to the well-known inertial subrange -5/3 power law. From this figure, it is more difficult to identify each peak of individual spectrum at each Fig. 2 Time variations of the vertical wind velocity at three levels (2, 11.25 and 21m) for the neutral case (|L|=891m) .
1.3 u* by Kaimal et al. (1972) , and 1.2 and 11, respectively by Naito (1977) . These results are inconsistent with each other, and the accurate values of A and B have not been studied satisfactorily yet. Mean spectral shapes for 38 cases at 2m,, for 14 cases at 11.25m and for 10 cases at 21m, respectively are shown in Fig. 4 , and the average value in each frequency band divided into ten or eleven are shown on the figure with its standard deviation.
The formulas of w spectrum of (3) at each level are indicated by dashed lines and arrows denote the positions of *m (= nmz/U) of w component ; nm is the frequency where the logarithmic spectrum has a maximum.
The values of A and B are determined from the least-squares method to fit the real average value of spectrum mentioned above. Each value of A and B corresponding to three levels are summarized with its probable error in Table 1 . Fig. 3 Normalized spectra of vertical wind component at three levels (2, 11.25 and 21m) for |z/L|*0.05. level. Therefore, the peak at each level will be evaluated by more objective technique such as a least-squares fit rather than by eye as shown later.
A good approximation to the normalized spectral shapes of vertical wind velocity nPw(n)/*2w is represented as a function of the reduced frequency * under neutral conditions :
where A and B are numerical values. This formula is based on the similarity law that the behavior of nPw(n) follow n at the lower frequencies and n-2/3 at the inertial subrange. Also this form is similar to the model spectrum in neutral conditions proposed by Kaimal et al. (1972) . It is considered to be reliable model owing to describing well the many data obtained from field observation.
The values of A and B have been proposed by many researchers.
For example, the values of A and B have been estimated as 1.2 and 5.3, respectively subject to the relation *w = Fig. 4 The average of normalized power spectra of w component at three levels (2, 11.25 and 21m) for |z/L|*0.05. The arrows denote the positions of *m*. (4), one obtain A/B3/5=0.51. The computational process of (4) is denoted in detail in the Appendix. It is evident from Table 1 that A and B depend on the height. The mean values of A and B can be well expressed by the formulas A=2.6 z-0.1 and B=14.9 z-°•17, respectively.
These relations of A and B as a function of height satisfy that A/B3/5=0.51.
3.3 Height dependence of the normalized peak frequency *m The normalized peak frequency *m in the neutral conditions have been reviewed by many investigators and are collected by Pasquill (1974) . However, some of these results have been determined by *m that is related to the frequency position nm corresponding to the spectral peak on the flat-topped shape of w spectra.
In this way, the ambiguity still remains in determining the peak of, individual spectrum.
For this reason, we obtained the values of * m from B with following expression : By combining (6) with (7), one obtain the relation *m=4z°•9.
This result agrees well with that as pointed out by Chiba (1976) .
There is the integral scale as another scale of turbulence.
The integral scale lE usually is defined by applying the autocorrelation coefficient R(t) and by the use of Taylor's hypothesis in the following equation :
Here lE expressed in term of (8) is rewritten by the use of • the relation lE=UPw(n)/(4*2w) as n*0 (see, Pasquill, 1974) .
The above relation is based on the fact that the correlation function is Fourier transform of the spectral function.
Using (3) in the neutral conditions and considering that n approaches zero (namely, 0), the integral scale lE is represented by With the use of *m and lE obtained from (9), the ratio 1E/*m is rewritten as which satisfy the relation that the derivative of nPw (n)/*2w, with respect to * is equal to zero. Substituting B to (5), the following relation is obtained, One obtain lE/*m=0.16 for A/B3/5=0.51. This relation is also supported by other observational work by Hanna (1981) . No significant difference between lE/*m=0.16 and 1/(2*)= 0.16 are found. Accordingly, a new spectral scale l p is introduced as lp=*m/(2*) instead Table 2 Summary of various scales of turbulence. Table   2 .
From the analysis of wind data obtained by Hanaf usa and Fu jitani at heights below 50m at the Tsukuba tower, the empirical formulae are given in from (1) to (3) in the same table. Kai (1981) gives formula of (4) for lp, which are obtained from 30m tower at the field of Environmental Research Center, the University of Tsukuba.
On the other hand, present result is expressed by (5). Figure 5 shows the relation between the height and various scales of turbulence. The present data are plotted by the solid circles. Similar data proposed by Hanafusa and Fujitani (1981, 82) , Kai (1981) and Wamser and Muller (1977) are shown by different symbols. These data distribute around the mixing length l= kz (k=0.39 by Kondo and Sato, 1982) indicated by the dashed line, but slightly deviates from the mixing length.
Height dependence of higher-order moments of w component
The discussion in this section is restricted to moments only up to order four under near neutral conditions (|z/L|*0.1).
Normalized third-and fourth-order moments, which are called skewness and kurtosis, respectively, are denoted by Sw and Kw for vertical wind velocity.
The former and the latter indicate the asymmetry and the degree of flatness of a probability density distribution, respectively. Present data for Sw and Kw at three levels in term z/L less than 0.1 are shown in Figs. 6 and 7. Each symbol indicates the observation for the 20 min runs which were consisted of two successive 10 min runs. Regardless of the scattering due to the nature of odd order moment, the average of Sw for three heights take the values of 0.057, 0.10 and 0.14, respectively. The scatter of Kw is smaller than that of S w . This is due to the character of even order moment.
The average values of Kw for each height attain 3.64, 3.07 and 3.05, respectively.
The magnitudes (0.1 and 3.07) of S w and Kw at z=11.25m for the nearly neutral case fairly agree with results of other investigators within observational accuracy, such as 0.02* 0.1 and 3.16*0.13, respectively at about 5m height above the ocean surface by Sreenivasan et al. (1978) , and 0.03*0.16 and 3.19*0.3, respectively at z=11.25m by Chiba and Kikuchi (1982) .
From the results of the comparison experiment, the overestimation by Sonic II at z=2m in Sw amounts to 10.9*, and the underestimation in the variance wZ and Kw amount to 16.3 and 3.3%, respectively.
Each corrected value of S W and Kw becomes 0.051 and 3.76 at z=2m.
In the present study, the estimated values of Sw and Kw may be acceptable though the slight deviation in Sw (or Kw) at the different height is due to the different responce character between the two sonic types. The results of Sw and Kw at three Table 3 The values of Sw and Kw obtained from this analysis. For references, the following data are shown : the black circles with the subscript "K" indicate the hourly values for range of stability |z/L|*0.1 in the Kansas Experiment (Izumi, 1968) , and "S" indicate the data by Sreenivasan et al. (1978) under near neutral stability (z/L*-0.05). It is noteworthey that the present results exhibit the same kind of height dependence as those in Kansas data, although the Kansas data show somewhat lager values for both Sw and Kw-3.
The present relationof Sw versus z, namely SW increases with height, is similar to those obtained in atmosphere (Pries, 1970) and in a wind tunnel (Legg, 1983) . On the other hand, it seems that the study on the dependence of Kw versus z has not been made fully. The present result shows Kw decreases with height.
Conclusion
The results of this analysis are tabulated in Tables 1, 2 and 3 . From this study, the following conclusions are obtained ;
1) The normalized power spectra of w component have shown the systematic change with height above the ground in the neutral conditions.
The logarithmic peak frequency, * m, gradually increases with height.
In our results, the spectral scale of turbulence is proportional to z* in which a value of the index a is adopted to be 0.9. Even though taking the probable error of a into account, it appears to be lower than the value of unity which is expected for the mixing length.
2) With respect to the variation with height of the higher-order moments, such as the skewness (Sw) and the kurtosis (Kw), we have a few interesting features in the neutral surface layer : namely, Sw increases with height, and Kw decreases with height. This dependence of Sw and Kw on height may be attributed to the fact that the vertical distribution of w component is not unique even in the neutral atmospheric surface layer.
